ABSTRACT-The effects of dofetilide (UK 68798) on membrane currents were examined in isolated sinoatrial node cells of rabbits by using patch clamping. At a concentration of 1 pM, dofetilide decreased the delayed rectifier K+ current (IK) (50.2±10.2 o, mean±S.E.). The Ca 21 current was slightly decreased during the application of dofetilide. However, the decrease in the current may be attributed to the "run down" phenomenon. The drug did not affect the hyperpolarization-activated inward current. Therefore, dofetilide exhibited class III antiarrhythmic activity in rabbit sinoatrial node cells. Similarly, E-4031 (1-[2-(6-methyl-2-pyridyl)ethyl]-4-(4-methylsulfonylaminobenzoyl)pireridine)
Class III antiarrhythmic agents are defined as those that prolong the duration of an action potential, without affecting its maximal velocity of upstroke (1), resulting in a prolongation of the effective refractory period. It is also reported that class III agents exhibit negative chronotropic activity in experimental situations (2) (3) (4) , but the mechanism behind this effect has not been fully investigated.
Dofetilide (UK 68798) is a newly developed derivative of the class III antiarrhythmic agent d-sotalol (5) , which has been reported to prolong the action potential duration and effective refractory period in canine ventricular muscle and Purkinje fibers, without affecting the maximum upstroke velocity (5) . In voltage clamp studies, dofetilide has been shown to reduce the rapid component of the delayed rectifier K+ current (IKr), without affecting the Ca2+ current and inward rectifier K+ current in guinea pig ventricular myocytes (5, 6) . Therefore, the class III action of dofetilide may be attributed to a highly selective blockade of IKr.
The IK plays a pivotal role in the pacemaker mechanism of the sinoatrial node (7) . The repolarization and pacemaker phases of an action potential are produced by activation and deactivation of IK, respectively, and it is therefore likely that the negative chronotropic activity of dofetilide is attributable to blockade of this current. However, there are no published reports that assess the effect of dofetilide on the membrane currents of sinoatrial node cells. Consequently, the effects of dofetilide on the membrane current of isolated rabbit sinoatrial node cells was assessed and compared with effects produced by E-4031, another agent reputed to selectively block IKr (8) .
MATERIALS AND METHODS
Isolation of single cells from the sinoatrial node region was carried out according to the method described by Hagiwara et al. (9) . Heparinized (300 units/kg) New Zealand White rabbits (1.5 -2.0 kg; Ichikawaya, Tokyo) were sacrificed by intravenous injection of pentobarbital (40 mg/kg). The heart was isolated and immersed in normal Tyrode solution (Table 1) , and the sinoatrial node region was excised and transferred into the Ca 21 -free Tyrode solution. The specimen ceased spontaneous contraction within 20 min and was then incubated in 2.5 ml Ca2+-free Tyrode solution containing 0.4% collagenase (500 U/mg; Yakuruto, Tokyo) for 140 min at 371C. The digested specimen was then transferred to Kraftbruhe (KB) solution (Table 1 ) and stored at 4°C for later use. Only single rod-shaped cells, which revealed a relatively smooth surface and contracted spontaneously in a regular rhythm, were used in this study. The whole-cell patch-clamp mode (10) was applied to the isolated sinoatrial cells using glass patch pipettes, with a tip diameter of 3 -4 ,um and a resistance between 4 -10 MQ, containing internal solution (Table 1 ). The Ag-AgCI electrode in the patch pipette was connected with a patch clamp amplifier (EPC-7; List, Darmstadt, Germany). Signals were displayed on a storage oscilloscope (Tektronix 5113 OP03; Beaverton, OR, USA) and were simultaneously fed to a data recording system consisting of a video cassette recorder (NV-F1; National, Osaka) and a PCM converter system (PCM-501ES; Sony, Tokyo). The current and voltage signals were filtered at 1 kHz, digitized by an AD converter (ADX-98; Canoopus Electronics, Kobe) at 2 kHz and stored in a personal computer (PC-98XA; NEC, Tokyo) for later analyses. All investigations were performed at 37 ± VC. A holding potential of -30 or -40 mV was used, because the threshold of Ca2+ current was shifted from -30 to -40 mV in each cell.
Dofetilide (UK-68,798; donated by Pfizer Central Research, Sandwich, UK) was dissolved in 0.05 N HCl to produce a 10 mM stock solution, which was freshly prepared every day. The solvent had no effect on the membrane currents of the single cells. E-4031 (1-[2-(6-methyl-2-pyridyl)ethyl]-4-(4-methylsulfonylaminobenzoyl)pireridine) (donated by Eizai Pharmaceuticals, Tsukuba) was dissolved in distilled water to form a 10 mM stock solution.
All values are presented as means±S.E. Statistical analyses were performed with Student's paired t-test; P<0.05 was defined as significant. 
RESULTS
Effects of dofetilide on membrane currents Membrane currents of single nodal cells were elicited by 300-msec test pulses from a holding potential of -40 mV , delivered at a rate of 0.1 Hz. Figure 1 shows representative current recordings. A depolarizing test pulse to 0 mV elicited a rapid and transient inward Ca" current (Ica) and a subsequent time-dependent development of outward current (IK, Fig. 1 ). Time-dependent decay of the outward current observed after repolarization to the holding potential was the result of deactivation of IK (IK tail). Extracellular application of dofetilide at a concentration of 1 uM decreased the IK and IK tail. This effect stabilized 4 min after initiation of drug treatment (Fig. 2) . In five cells, 1 pM dofetilide reduced the IK tail, elicited by a test pulse to 0 mV, by 50.2± 10.210 (mean±S.E.).
In all examined cells, the reduction in the IK and IK tail recovered within 10 min, following dofetilide washout (Fig. 2) .
A decrease in Ica was observed in four cells exposed to 1 yM dofetilide, as shown in Fig. 1 . However, the decrease in Ica did not recover after dofetilide washout. Furthermore, in another cell, Ica was unchanged by dofetilide treatment. When a hyperpolarizing test pulse to -90 mV was applied to the cells, a time-dependent development of inward current was observed (Fig. 1) . Exposure to 1 yM dofetilide slightly reduced this hyperpolarization-activated inward current (If) at -90 mV by 7.8 ± 16.1010 (n = 5). Figure 3 shows the concentration-response relation between dofetilide and the IK tail. The IK tail was elicited by a 300-msec depolarizing pulse to 0 mV. Dofetilide did not decrease the IK tail at a concentration of 0.01 pM, but significantly decreased at 0.1 pM.
The effects of dofetilide treatment upon the voltage-dependent activation of IK are shown in Fig. 4 . Figure 4A shows the time course of the IK tail elicited by depolarizing test pulses to -30, -20, -10, 0, 10, 20 and 30 mV from a holding potential of -40 mV. In this cell, Ica was abolished because of "run-down". Dofetilide (1 pM) decreased the IK tail elicited by the test pulse to each potential. Figure 4B summarizes the effect of dofetilide on voltage-dependent activation of the IK tail. It is apparent that the ability of dofetilide to block IK is not voltage dependent. Effects of E-4031 on membrane currents Figure 5 shows effects of E-4031 (1 pM) on a currentvoltage relationship obtained using test pulses from a holding potential of -30 mV for a duration of 300 msec. E-4031 decreased both IK during the test pulse and the IK tail after the test pulse (Fig. 5A ). This decrease in IK was restored by a washout of E-4031. In four cells, 1 pM E-4031 decreased the IK tail by 35.4±9.1%. Conversely, E-4031 did not produce significant changes in If, as shown in Fig. 5 (A and B) . The drug slightly decreased If by 8.5 ±19.601o (n.s., n=4). During this experiment, Ica also decreased. Figure 6 shows effects of E-4031 on voltage-dependent activation of the IK tail. E-4031 decreased the IK tail elicited by every test potential, and therefore, the IK blockade induced by E-4031 was not voltage-dependent.
Effects of dofetilide on spontaneous beating of sinoatrial node cells
The membrane potential of sinoatrial node cells was recorded using the current clamp version of patch clamping. These cells exhibited a spontaneous excitation and action potential configuration accompanied by delayed diastolic potential (pacemaker potential), as shown in Fig. 7A . Dofetilide (1 uM) reduced the firing rate of the nodal cells (Fig. 7B) and halted spontaneous firing beyond 2 min after the start of drug perfusion. The drug depolarized the maximum diastolic potential (MDP) and reduced the slope of pacemaker potential. A similar change was observed in two further cells. The MDP was -43 .8±3.2 mV and -32.5±0. 7 mV, in the absence and presence of dofetilide, respectively. These findings indicate that dofetilide was associated with a strong negative chronotropic effect in isolated sinoatrial nodal cells. 
DISCUSSION
In sinoatrial node cells, three major time-and voltagedependent currents (Ica, IK and If) have been described (7) . The study reported here demonstrates that dofetilide selectively blocks IK and therefore performs as a pure class III agent in rabbit sinoatrial nodal cells. Although there was some indication that dofetilide might also induce blockade of ICa, the lack of reversibility of this phenomenon on washout suggested that this was attributable to "run-down", a phenomenon well-recognized to occur in isolated cells during patch clamping. Therefore, in agreement with data generated in guinea pig ventricular cells by Gwilt et al. (5) and supported by Siara et al. (11) , it was concluded that dofetilide does not block ICa in nodal cells.
Interestingly, IK in rabbit nodal cells seemed to be less sensitive to dofetilide than that in other cardiac cellular preparations. In this study, 0.01 pM dofetilide did not decrease the nodal IK, and 1 pM dofetilide caused a 5010 decrease in the nodal IK. On the other hand, it has been reported that 30 nM and 2 pM dofetilide abolished this current in rabbit (6) and guinea pig ventricular cells (5), respectively. It is possible that IK channels in sinoatrial node cells are structurally and/or functionally different from those in ventricular cells. Therefore, the apparent difference in sensitivity between atrial and ventricular preparations may indicate that dofetilide will suppress ventricular arrhythmias at lower concentrations and therefore with less effect upon heart rate.
The negative chronotropic effect of dofetilide (2-4) has been attributed to the IK blocking action of this agent since, under circumstances where IK is decreased, action potential duration is prolonged and the slope of the pacemaker potential is less steep. Recently, it has been reported that E-4031 inhibits IK and then slows the spontaneous excitation in rabbit sinoatrial nodal cells (12) . In the present study, it has also been demonstrated that 1
,uM E-4031 also blocks the IK of sinoatrial node cells, reducing nodal IK more weakly than 1 pM dofetilide. Therefore, it seems likely that all class III agents that block IK will potentially also be associated with a negative chronotropic effect.
Dofetilide has been previously reported to induce a negative chronotropic effect on both rabbit sinoatrial node preparations (4) and guinea pig right atria (3), with a maximal response in the latter preparation (20%) being observed with 1 pM dofetilide. In this study, however, it was observed that exposure to this concentration of dofetilide resulted in the arrest of spontaneous firing of rabbit sinoatrial node cells. The discrepancy between this and the previous findings may have been the result of differences in cell preparations, with the previous data being generated in a multicellular system, while the current study was conducted in single cell preparations. It might, equally, have been the result of the Ica "run-down" phenomenon, which could contribute to an exaggeration of the negative chronotropic effects associated with exposure to dofetilide. It is likely that the weak recovery of spontaneous firing was related to ICa "run-down". Furthermore, the failure to restore spontaneous firing in all but one of three experiments, in which only partial recovery was observed, does not indicate that dofetilide exerts a deleterious effect upon these cells, since washout resulted in recovery of the IK and the IK tail in all cases. 
